Preliminary testing of hybrid catalytic-plasma reactor for biodiesel production through transesterification of soybean oil with methanol over modified-carbon catalyst was investigated. This research focused on synergetic roles of non-thermal plasma and catalysis in the transesterification process. The amount of modified-carbon catalyst with grain size of 1.75 mm was placed into fixed tubular reactor within discharge zone. The discharge zone of the hybrid catalytic-plasma reactor was defined in the volume area between high voltage and ground electrodes. Weight Hourly Space Velocity (WHSV) of 1.85 h -1 of reactant feed was studied at reaction temperature of 65 o C and at ambient pressure. The modified-carbon catalyst was prepared by impregnation of active carbon within H2SO4 solution followed by drying at 100 o C for overnight and calcining at 300 o C for 3 h. It was found that biodiesel yield obtained using the hybrid catalytic-plasma reactor was 92.39% and 73.91% when using active carbon and modified-carbon catalysts, respectively better than without plasma. Therefore, there were synergetic effects of non-thermal plasma and catalysis roles for driving the transesterification process. Copyright
Introduction
Basically, energy is a basic requirement of a country in supporting the development of industries and transportations.. An increased country's population and industry required more energy usage so that energy demand increased. Commonly, main sources of energy are fossil fuels, i.e. petroleum, natural gas and coal [1] , but this source of energy is limited. If these energy sources were used continuously, there will be energy scarcity. Biodiesel as a source of renewable and environmentally benign has now become a highlighted topic as the policy of every country. Biodiesel production has become an area of intense research because of the increased interest to find sources of new alternative energy for transportation fuels [1] .
Many methods have been developed for the production of biodiesel. The most widely used method for biodiesel production in industrial scale is conventional method using homogeneous and heterogeneous catalysts, either acid or base catalysts [2] [3] [4] [5] [6] [7] [8] [9] . However, the conventional catalytic reaction technology is considered inefficient because of the length of time the reaction and batch time and some separation processes. Many previous researchers developed enzymatic transesterification process in the synthesis of biodiesel [10] [11] [12] [13] . The enzymatic transesterification process has several advantages including the easier product separation process, does not require waste treatment, can easily recover glycerol and high selectivity and activity [10, 14] . However, the drawback of this method are long residence time, requires a catalyst concentration in large quantities and high price of enzyme [14, 15] .
Advanced methods developed in the production of biodiesel were supercritical [16, 17] , microwave [18, 19] , ultrasonic [20, 21] , and plasma technology [22, 23] methods. Some researchers studied the effect of the use of the reactor type to biodiesel yield as well as the process efficiency in biodiesel production [21, [24] [25] [26] . Olivares-Carrillo and Quesada-Medina [27] studied transesterification process of refined soybean oil in a batch reactor using supercritical methanol. The maximum conversion achieved was 84% at a temperature of 325 o C and reactor pressure of 35 MPa with a total time of 60 minutes. However, use of this supercritical batch reactor has several drawbacks including requiring high temperature and pressure so that less economical. On the other hand, the use of fixed bed reactors for the production of biodiesel is inefficient because it takes a relatively long time is about 20 hours in order to achieve a conversion of 95% at a temperature of 250 o C and a pressure of 1 atm [28] .
Maddikeri et al. [21] investigated effect of using ultrasonic wave radiation on the performance of the reactor in the biodiesel production. The maximum yield of biodiesel that can be achieved was 90% at a temperature of 40 o C and at atmospheric pressure. Meanwhile, the use of ultrasound in the transesterification of waste cooking oil by Babajide et al. [20] obtain a conversion of >90% at temperature of 30 o C and a pressure of 1 atm. However, weakness of ultrasound technology on the performance of this reactor are requiring quite long reaction time of about 30 minutes, the formation of glycerol as a byproduct and requiring a homogeneous alkaline catalyst. In other researches, microwave technology for producing biodiesel has been studied by Liu et al. [29] . More than 90% conversion of the transesterification was achieved at 80 o C and at atmospheric pressure. However, the time required to reach this conversion is very long which is about 7 hours.
In more advanced technology, the use of plasma reactors on biodiesel synthesis was considered very promising due to only very short reaction time. Study on high energetic electrons as a catalyst in biodiesel synthesis from vegetable oils has been carried out by Istadi et al. [22] . This system could produce fatty acid methyl ester with the yield of 75.65% within 120 seconds over high voltage plasma reactor (DC 10 kV high voltage, dielectric barrier discharge). In this plasma technology, high energetic electrons can affect the reaction through electron collisions during the chemical reaction. These high energetic electrons have role on interfering the electrons pairs in covalent bonding that would be excited or dissociated even ionized. However, use of this electro-catalysis system in biodiesel production has weaknesses mainly due to lower product selectivity compared to conventional catalysis reaction technology [22, 30] . Therefore, the study of improving the selectivity of reaction within plasma reactor for the production of biodiesel needs to be developed.
In this paper, the hybrid catalytic-plasma reactor was developed in order to improve the selectivity to biodiesel (especially fatty acid methyl esters). The high voltage plasma was applied on the catalytic reaction within the discharge zone. The plasma was expected to affect the cracking of covalent bonding during chemical synthesis catalytically.
Experimental Methods

Materials
Commercial soybean oil was purchased from local market (Happy Soya Oil) to be used as raw material. Methanol (Merck, 99.9%) was used as reactant. Active carbon was purchased from local market. The modified-carbon catalyst was prepared by impregnation of active carbon within H2SO4 solution 0.1 N followed by drying at 100 o C for overnight in an oven (Memmert) and calcinations at 300 o C for 3 h in a box furnace. Active carbon has surface area of 170 m 2 /gram, while modified carbon has 241 m 2 /gram.
Hybrid catalytic-plasma reactor system
Discharge, DBD). The reactor was equipped with electric furnace and temperature control to adjust the reactor temperature. Catalyst with the diameter of 1.75 mm was placed into tubular reactor within discharge zone. High voltage power supply with power up to 330 Watt (7 kV DC) is used to provide high voltage on the reactor. High Voltage Probe (SEW PD-28) and multimeter (Sanwa) is used to measure the voltage during the reaction process. High voltage electrode flows high energetic electrons toward ground electrode through the glass barrier. The energetic electrons collide to the liquid reactants that flow on the surface of catalyst grains. The glass barrier was purposed to distribute the electrons from high voltage electrode toward ground electrode.
Procedures
Reactants consisting of soybean oil and methanol with a molar ratio of 15:1 (methanol/oil) flowed into the mixing tank and stirred evenly. The mixture of methanol and oil was then flowed into the plasma reactor with Weight Hourly Space Velocity (WHSV) of 1.85 h -1 . Thus, the reactor was heated up to 65 °C at atmospheric pressure, which in turn a 7 kV DC high voltage was applied on the discharge zone through the electrodes. In this reactor, high voltage electrode connected to high voltage probe while the ground electrode was connected to earth ground. Distance between both electrodes was 1.5 cm. Effect of catalyst type was studied by varying the catalyst type, i.e. active carbon, modified carbon, and glass grain. Effect of the plasma was investigated by conducting transesterification process with and without plasma on the modified carbon catalyst. Furthermore, the reaction products were analyzed by Gas Chromotography-Mass Spectrometry (GC-MS) (QP2010S SHIMADZU, DB-1 column) to identify the content of fatty acid methyl ester (FAME) and biodiesel.
Yields of FAME and biodiesel can be calculated using Equations (1) and (2).
(1) (2)
Catalyst and biodiesel characterizations
In order to determine composition of resulted product, the biodiesel product was ana- The crystal structure of the catalysts (active carbon and modified-carbon) before and after used were analyzed by XRD (X-Ray Diffraction, Shimadzu XRD-7000) with Cu-Kα radiation (k = 1.54 Å) operated at 30 mA and 30 kV. The sample was scanned at the boundary between 10° to 90° with a scanning speed of 2 °/menit. Furthermore, diffractogram / peak was compared to the data from JCPDS (Joint Committee of Diffraction Data) library to determine the compounds contained in the catalyst.
Change of surface area of the catalyst (active carbon and modified-carbon) before and after used in the transesterification process were analyzed by BET (Brunauer-EmmettTeller) method. Surface area measurements were conducted using Nitrogen adsorptiondesorption at 77 K (Quantachrome equipment). The samples were out gassed out for 5 h at 300 o C (573 K) under vacuum pressure (6.58×10 -5 Torr) prior to the sorption measurements.
Results and Discussion
Roles of plasma reactor
The use of hybrid catalytic-plasma reactor is interesting due to expectation of assisting the catalysis process by high energetic electrons in molecular level. There is synergetic effect between plasma system (containing high energetic electrons, excited atoms, and neutral particles) with heterogeneous surface catalysis roles. The synergism is possible in activating the reactants in the discharge zone or even to assist cracking the covalent bonding of reactants before the main reaction takes place and finally giving a positive effect on the reaction mechanism and rate [30, 31] .
The most interesting in hybrid catalyticplasma system is shorter reaction time so that the total reaction time can be minimized. This type of reactor is also potential for reactions of organic and inorganic chemicals because of its non-equilibrium. The hybrid catalytic -Dielectric Barrier Discharge (DBD) plasma reactor is very promising because of high conversion rates, shorter reaction time, and more efficient power requirement [31] . Meanwhile, the catalyst placed in the discharge zone is an alternative solution to improve the selectivity of reaction to produce biodiesel [32] . The use of hybrid catalytic-plasma system in the synthesis of biodiesel is expected to generate significant syner-gies between the plasma and the catalysis in influencing the reactions condition and biodiesel selectivity.
Effect of plasma treatment on transesterification reaction performance
Effect of plasma treatment on catalytic transesterifcation reaction of methanol and triglyceride to produce biodiesel was described in Table 1 . The reaction performance of biodiesel production was presented as yields of FAME and biodiesel. The yields of biodiesel and FAME were calculated using Equations (1) and (2) . From Table 1 , it is shown that plasma treatment has significant effect on the synthesis of biodiesel over the hybrid catalytic-plasma reactor. This is true because the yield of transesterification reaction involving plasma treatment is better than that without plasma treatment. This phenomenon is caused by the ability of plasma to influence the reaction through collisions of high energetic electrons from electrode and electrons pairs from the chemical bonding. During the plasma process, the energetic electrons interfere the electrons pairs of covalent bonding of the reactants that would be excited or dissociated so that the activation energy required during surface reaction in the catalyst surface could be reduced [22, 23, 31] . Without the role of plasma, the time of reaction required to form FAME would be longer as studied by Ketchong et al. [24] . They studied transesterification process to produce FAME using limestone as a catalyst in a fixed bed reactor (without plasma) with molar ratio of methanol to oil is ranged 15-30. In the current research, the residence time needed during transesterifcation process when assisted by plasma system was about 5 minutes. When using modified carbon as catalyst but no plasma treatment, it did not produce FAME which may be due to larger molar ratio of reactants and longer time of reaction was required [24, 28] .
This research used active carbon, modified carbon as catalyst in plasma reactor as well as using glass bead for plasma process without catalyst. The use of catalysts in hybrid catalyticplasma reactor system was aimed to improve the selectivity and to control the reaction mechanism towards the desired products (FAME/biodiesel). The synergetic effect of catalytic-plasma was also occurred when plasma assists the catalytic process in the catalyst surface. The catalyst placed in the discharge zone also increased contact area and contact time between high energetic electron and reactants molecules. The phenomenon probably triggers excitation of electrons pairs of reactants molecules from the ground state to the outer stationary states. This excitation will lower binding energy of the reactants so that termination of the bonding chain becomes easier [32] [33] [34] [35] . In the hybrid catalytic-plasma process, active species (high energetic electrons, metastable compounds, free radicals) are not only formed around the plasma discharge zone, but also in pores of the catalyst due to direct contact between the plasma and the catalyst [36] . The formation of active species, such as free radicals and metastable compound, would increase the likelihood of a reaction between the adsorbed reactants on the surface of the catalyst with either active species formed in the discharge chamber and the pores of the catalyst which in turn forms FAME and biodiesel. This leads to high yield of FAME and biodiesel on the use of activated carbon as the catalyst [36] .
The opposite result occurred when using the plasma reactor with modified carbon as the catalyst in which the transesterification process produces FAME with lower yield than that with active carbon as catalyst. This phenomenon is explained by BET surface area analysis that modified carbon (surface area: 241 m 2 /gram) has surface area greater than the active carbon (surface area: 170 m 2 /gram). However, the yield of FAME produced by the modified carbon was lower than that when using the active carbon. This may be due to blocking of catalyst pore during sulfonation process performed by sulfur , 11(1), 2016, 62 Copyright © 2016, BCREC, ISSN 1978-2993 [36] [37] [38] [39] . The abundance of sulfur atoms attached to the surface of the catalyst is depicted in the XRD result as shown in Figure 1 . Figure 1 indicates that both active carbon and modified carbon showed the similar trend. Sulfonation not alter the crystal structure of the active carbon only causes a decrease in the intensity of the peak 2θ (30.69 o and 31.75 o ). The decreased peak intensities were due to attachment of abundant -SO3H groups [40] .
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Meanwhile, when the plasma reactor was filled with glass bead, means without catalyst, the plasma did not give significant effect on the catalysis process. Therefore, without catalyst within plasma discharge zone, the transesterification process was occurred with low selectivity to FAME. In this reactor type, the biodiesel yield was lower than the reactor system which contains the active carbon or the modified carbon as catalyst. This phenomenon is also explained by the formation of various compounds rather than FAME (alcohol, aldehydes, carboxylic acids, alkynes and eicosanoids) [22] . The absence of catalyst role caused the uncontrollable reaction mechanisms so that the cracking the reactant bond chain (methanol and oil) becomes undesirable [41] .
Conclusions
In the hybrid catalytic-plasma reactor system, the plasma and the catalysis gave synergetic effect on driving the transesterification reactions to produce FAME or biodiesel. The use of catalyst in hybrid catalytic-plasma reactor system was able to improve the selectivity and to control the reaction mechanism towards the desired products (FAME/biodiesel). The synergetic effect of catalytic-plasma was also occurred when the plasma assisted the catalysis process in the catalyst surface. The absence of catalyst role caused the uncontrollable reaction mechanisms so that the cracking the reactant bond chain (methanol and oil) becomes undesirable. However, much improvement and modification will be done in future work including plasma reactor configuration, pellet size and shape, catalyst-plasma roles in reaction, etc. 
